The use of pulsed electromagnetic fields (PEMF) to stimulate bone growth has been recommended as an alternative to the surgical treatment of ununited scaphoid fractures, but has never been examined in acute fractures. We hypothesised that the use of PEMF in acute scaphoid fractures would accelerate the time to union by 30% in a randomised, double-blind, placebo-controlled, multicentre trial. A total of 53 patients in three different medical centres with a unilateral undisplaced acute scaphoid fracture were randomly assigned to receive either treatment with PEMF (n = 24) or a placebo (n = 29). The clinical and radiological outcomes were assessed at four, six, nine, 12, 24 and 52 weeks.
The use of pulsed electromagnetic fields (PEMF) to stimulate bone growth has been recommended as an alternative to the surgical treatment of ununited scaphoid fractures, but has never been examined in acute fractures. We hypothesised that the use of PEMF in acute scaphoid fractures would accelerate the time to union by 30% in a randomised, double-blind, placebo-controlled, multicentre trial. A total of 53 patients in three different medical centres with a unilateral undisplaced acute scaphoid fracture were randomly assigned to receive either treatment with PEMF (n = 24) or a placebo (n = 29). The clinical and radiological outcomes were assessed at four, six, nine, 12, 24 and 52 weeks.
A log-rank analysis showed that neither time to clinical and radiological union nor the functional outcome differed significantly between the groups. The clinical assessment of union indicated that at six weeks tenderness in the anatomic snuffbox (p = 0.03) as well as tenderness on longitudinal compression of the scaphoid (p = 0.008) differed significantly in favour of the placebo group.
We conclude that stimulation of bone growth by PEMF has no additional value in the conservative treatment of acute scaphoid fractures.
Fractures of the scaphoid, which is the most commonly fractured carpal bone, represent 2% to 6% of all fractures and typically occur in young, active patients between 15 to 40 years of age. 1 In The Netherlands, 90% of all fractures of the carpus involve the scaphoid. 2 The exact incidence is unknown because this injury often remains undiagnosed, but 21 000 scaphoid fractures are suspected to occur in The Netherlands each year, 3, 4 of which a potential 15% to 20% represent actual fractures. 5 The scaphoid has an essential function in the wrist, acting as a pivot articulating with five surrounding bones. Failed treatment of scaphoid fractures can result in avascular necrosis in up to 40%, nonunion in up to 21% and early osteoarthritis in up to 32%. 1, [6] [7] [8] Treatment of unstable fractures is associated with further complications. 9 In addition, delayed union of scaphoid fractures leads to longer immobilisation and greater loss of function that, in the mainly young working population affected, leads to more days of lost work with significant economic and social consequences. 2 It has been shown that even uncomplicated healing leads to a mean interruption of employment of 21 weeks. In those whose healing is complicated, for instance, by nonunion, the mean disability period increases to 42 weeks. 2 Current treatment strategies remain unsatisfactory. The number of complications following conservative treatment in a cast is high, and surgery is usually only performed if complications arise. [6] [7] [8] The outcome following conservative treatment is variable. 10 There is evidence that surgical treatment of Herbert types B1 and B2 11 scaphoid fractures leads to earlier return to normal function, work and sport than nonoperative treatment. 12 However, there is no evidence that surgical treatment of undisplaced scaphoid fractures leads to a lower rate of nonunion, 12, 13 and the complications of surgery may be more common than is generally reported, especially when fixation is performed percutaneously. 13 Electromagnetic field stimulation has been widely used to accelerate fracture repair 14 : it reduces osteoclast resorption, induces osteoid formation and stimulates angiogenesis. 15 In particular, the use of pulsed electromagnetic fields (PEMF) aids healing of fractures of the tibia and may offer an effective alternative to surgery in the treatment of nonunions in general. 16, 17 Since the 1990s, evidence has emerged that physical forces, such as pulsed ultrasound, can also enhance the healing of fresh fractures. 18, 19 Although there is some experience concerning the treatment of scaphoid nonunion, there is no evidence from randomised trials to evaluate the use of PEMF stimulation in the treatment of acute fractures of the scaphoid. 5, 20, 21 However, treatment of acute scaphoid fractures by low-intensity pulsed ultrasound (LIPUS) may accelerate healing by up to 30%. 22 We hypothesised that PEMF would reduce the time to union of acute scaphoid fractures by up to 30%.
Patients and Methods
This was a double-blind, randomised, placebo-controlled, multicentre study involving three centres in The Netherlands ( Fig. 1 ). Approval was obtained from each local ethics committee and written informed consent for participation was obtained from all patients.
All adults > 18 years of age presenting between 1 June 2006 and 31 August 2009 with a unilateral fracture of the scaphoid, type A1, A2, B1, B2 and B3 according to the Herbert classification, 11 were included. Type B4 and B5 fractures (fracture dislocations of the carpus and comminuted fractures) were excluded. B2 fractures were classified as displaced or mobile fractures of the waist of the scaphoid.
Exclusion criteria were presentation > five days after injury, pregnancy, presence of a life-supporting implanted electronic device, additional fractures of the wrist, carpal or metacarpal bones, and a pre-existing impairment of wrist function.
The diagnosis of a scaphoid fracture was made by a combination of clinical and radiological examination. The radiographs consisted of four views: posterior-anterior view, posterior-anterior view in full ulnar deviation, lateral view and oblique, semi-pronated view. If no apparent fracture was seen on the initial radiographs, a bone scan was performed.
All fractures were treated with immobilisation in a forearm cast with the first metacarpal and both phalanges immobilised. Electromagnetic stimulation was administered continuously for 24 hours a day using a PEMF (Ossatec, Uden, The Netherlands) bone growth stimulator, which consists of a flexible coil incorporated into the plaster at the site of the fracture. The coil is attached to a battery-powered signal processor placed on the cast. It has been shown that attenuation of PEMF signal through dense materials is limited, making it suitable for many clinical applications, including the placement of coils over plaster casts. 23 Table I shows the signal characteristics of the device used.
Half of the devices were disabled at random in the factory and gave outward signs of normal function, but did not generate a signal. Neither the investigators nor the patients were aware of the device's functionality.
The patients were reviewed at four, six, nine, 12, 24 and 52 weeks after diagnosis of the fracture. At these times, the cast was removed and clinical and radiological examination was performed. In patients with complete clinical and radiological union the PEMF device was removed at six or 12 weeks after the start of treatment, depending on the time of union.
Clinical examination included testing for tenderness in the anatomical snuff box (ASB) and with longitudinal compression of the scaphoid (LC), both being criteria for determining clinical union. The range of active dorsiflexion, palmar flexion, radial and ulnar deviation was determined using a handheld goniometer. The sum was expressed as a percentage of that of the opposite, unaffected wrist. 24 A loss of movement by > 25% is considered to be significant when determining functional outcome. 25 Grip strength was measured using a JAMAR dynamometer (Sammons Preston Rolyan, Bolingbrook, Illinois) and expressed as a percentage of the value on the unaffected side. 26 A reduction in strength by > 10% in the injured dominant hand or > 20% in the injured non-dominant hand in comparison with the unaffected side was considered significant. [27] [28] [29] Assessment of healing on the radiographs was based on signs of trabecular bridging. Two consultant surgeons (KAK and AJW) and a radiologist, all blinded from the treatment allocation, assessed the radiographs, and categorised the appearances as nonunion, possible union or complete union. Nonunion was defined as the presence of trabecular bridging on two views or less, possible union as the presence of bridging on three views and complete union as bridging on all views. For radiological union, the weighted average of the interobserver agreement for the three observers, Fleiss κ was calculated for all radiographs.
The primary endpoint was clinical and radiological evidence of union of the fracture, the secondary outcome parameter related to functional outcome. The minimum, median, maximum and interquartile range (IQR) were calculated for the time to both clinical and radiological union. Finally, the percentage of nonunions in both groups was calculated. Nonunion was defined as above and determined at 24 weeks follow-up.
Based on a previous study, 22 a power analysis was conducted with an expected outcome difference of 30%, i.e. a 30% reduction in the time to union assuming a mean of nine weeks (SD 4) until union in the placebo group. The alpha error level was set at 5% (two-sided significance level); power was set at 80%. Including an anticipated dropout rate of 10%, this resulted in a sample size of 23 patients per group. Statistical analysis. This was performed using proprietary statistical software (SPSS v18.0; SPSS Inc., Chicago, Illinois) with advanced statistics add-on modules. A statistician was recruited for analysis of the data. Statistical significance was assumed when p < 0.05. When comparing means between the two groups, an independent student's t-test was used in the case of normality, or the non-parametric Mann-Whitney U test in cases where normality could not be assumed. Categorical data were analysed using the chi-squared test, or Fisher's exact test if the assumptions for this test were not met. The cumulative incidence of clinical and radiological evidence of union was estimated using the Kaplan-Meier method and compared using log-rank. All variables were evaluated for prognostic significance in an extensive regression analysis using Cox's proportional hazards model (including age, type of fracture according to the Herbert classification, 11 hand dominance, time interval between fracture and start of treatment, and comorbidities) with clinical and radiological union as dependent factors. Several analyses were performed to test the accuracy of the model, but this did not change the level of significance (data not shown). The hazard ratio (HR) and 95% confidence intervals (95% CI) were calculated from the regression analysis.
All patients were analysed according to the intention-totreat principle.
Results
A total of 59 patients were eligible for inclusion during the period of study; six patients withdrew, leaving 53 patients with a clinically and radiologically proven fracture of the scaphoid in the study. After randomisation, 24 patients (45%) were placed in group A (active) and 29 in group B (placebo) (55%). Baseline characteristics of both groups are shown in Table II . All Herbert type B2 fractures had < 2 mm of displacement on initial radiographs. Two patients were lost to follow-up, both in group B. Scaphoid fractures, in two patients, one in each group were initially diagnosed only on bone scintigraphy. Both fractures were confirmed by follow-up radiographs.
No significant difference in clinical evidence of union was seen during follow-up using log-rank analysis (χ 2 = 0.03, p > 0.05) (Table III) , except at six weeks, (Table III) and nine (38%) in group A still had tenderness with LC compared with two (7%) in group B (p = 0.008). The time to clinical union was a median of nine weeks (4 to 52, IQR 4 to 12) in group A, compared with a median of nine weeks (4 to 24, IQR 6 to 12) in group B. The range of movement of the wrist returned to normal with no significant difference between the groups (difference < 25%) at 12 weeks (Table IV) .
Grip strength returned to normal with no significant difference between the groups at 24 weeks (Table V) .
The weighted average interobserver agreement for radiological union showed an acceptable κ of 0.59 (95% CI 0.47 to 0.71; p < 0.001) at six weeks after injury for all radiographs. Intra-observer agreement for one of the surgeons (KAK) concerning radiological union showed a κ of 0.78 (95% CI 0.26 to 1.29; p < 0.005). The other observer (AJW) scored a κ of 0.34 (95% CI 0.040 to 0.633, p = 0.03).
Throughout the follow-up period no significant difference was observed between the groups by log-rank analysis (χ 2 = 0.03, p > 0.05). In both groups radiological union took a median of nine weeks (4 to 52, IQR 6 to 24) (p = 0.32). The confounding factors of age, hand dominance, comorbidities (smoking, use of corticosteroids), type of fracture (Herbert types A1, A2, B1, B2 and B3) 11 and time between fracture and treatment had no significant influence on the effect of the PEMF therapy with respect to either clinical or radiological union (Table VI) . There was one nonunion in group A and none in group B (p = 0.57).
Discussion
This is the first double-blind, randomised, placebo-controlled trial to investigate the effect of PEMF on the time to union and functional outcome of acute fractures of the scaphoid.
Observational studies by Frykman and Adams 20,21 on 44 and 54 scaphoid nonunions, respectively, showed that 69% to 80% of ununited fractures that presented more than six months after injury, healed using PEMF stimulation and a thumb spica cast. Patients were treated for at least three months or until the fracture had united. Even nonunions with associated radiological evidence of avascular necrosis healed with success rates of 73% to 89%. 20, 21 Furthermore, there is evidence that LIPUS may accelerate union of acute scaphoid fractures by up to 30%. 22 Our study, however, found no positive effect of adding PEMF to conservative treatment of these fractures. There are several reasons why the use of non-invasive techniques for bone growth stimulation, such as PEMF could be considered. Conservative treatment often leads to a long period of absenteeism. 2 Furthermore, operative treatment for delayed or nonunion often starts months after the fracture has occurred, with inevitable socioeconomic consequences. 2 Several clinical trials have considered the place of physical forces in the treatment of acute fractures. The healing of tibial and radial fractures was found to be significantly accelerated in two prospective, randomised, double-blind trials using LIPUS as an adjunct to conventional treatment. 18, 19 A recent systematic review concerning the effects of LIPUS and PEMF in the treatment of acute tibial fractures was not able to compare the effects of these interventions. 30 However, after analysing five studies on LIPUS and three on PEMF, the authors concluded that LIPUS accelerates acute fracture healing and that both promote healing in ununited fractures. LIPUS has also been shown to accelerate the healing of acute scaphoid fractures. In a prospective randomised trial, where union was assessed by CT scans every two weeks, Mayr et al 22 concluded that LIPUS accelerated the healing of acute scaphoid fractures by 30%. However, our study found no evidence supporting the addition of PEMF to conservative treatment. There was no reduction in the time to either clinical or radiological union and there was no effect on either the functional outcome or 11 (A1 = 0, A2 = 1, B1 = 2, B2 = 3, B3 = 4); hand dominance (dominant = 0, non-dominant = 1); and comorbidities (none = 0, smoking or corticosteroids = 1) the range of movement. Given that this study was not designed to detect differences in the number of nonunions, no conclusion can be made as to the prevention of this complication. Radiological follow-up was performed by assessment of normal scaphoid radiographs, in accordance with current practice. However, these may not always provide reliable and reproducible evidence of healing. [31] [32] [33] [34] Trabeculae crossing the fracture line, sclerosis of the fracture line and avascularity of the proximal part of the scaphoid are signs that can be used in the assessment of union of a scaphoid fracture. 34 Dias 33 showed that when assessing union, the reproducibility and interobserver agreement were too poor to rely on in the first 12 weeks after injury. However, radiographs usually give some indication of union or nonunion. Reproducibility and interobserver variability tend to be better with regard to these assessments. 33 In our series, interobserver variability showed an acceptable κ of 0.59 (95% CI 0.47 to 0.71) at six weeks after injury for all radiographs. CT scanning in the longitudinal axis may allow for a more accurate assessment of union of a scaphoid fracture. 35, 36 Recent studies concerning operative versus conservative treatment of scaphoid fractures, however, use standard radiographs for the assessment of union. 12, 37 In our study the clinical parameters of union and the functional outcome did not differ between treatment arms.
In conclusion, adding PEMF to the conservative treatment of acute scaphoid fractures does not accelerate union or improve the functional outcome.
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